Manganese oxide (MnOx) and multiwalled carbon nanotubes (MWCNTs) are intended to modify the GC electrode for oxygen evolution reaction (OER). Optimization of MnOx loading is carried out and the deposition of 55 cycles was sufficient to obtain the highest activity toward OER. The stability of the catalyst is enhanced by the addition of MWCNTs. As a result, an amount of 22 kWh/Kg of O 2 of energy is saved. Several techniques including cyclic voltammetry, linear sweep voltammetry, chronoamperometry, chronopotentiometry, field-emission scanning electron microscopy, and energy dispersive X-ray spectroscopy will be combined to track the catalyst activity and to determine its morphology and composition.
INTRODUCTION
We can now declare that environmental issues and those related to energy supply and demand have become a major challenge facing the whole world because of the growing fears of the limited reserves of fossil fuels in addition to its polluting impact on the environment. Preference and attention have been shifted towards the clean renewable sources, especially in the global communities of scientific research. Among these clean energy sources rises the hydrogen as the most reliable secondary energy source, where the production of hydrogen in sufficient quantities is mainly depending on electro-catalytic water splitting technique, which not only is considered as renewable source of electricity, but also a sustainable hydrogen producer [1, 2] .
The electrochemical water splitting mainly involves two half reactions; hydrogen evolution reaction (HER) occurring at the cathode, and oxygen evolution reaction (OER) that takes place on the anode [2, 3] . The use of electrolyzed water in industrial applications for hydrogen production is limited because of the slow kinetics of the process of OER, whereas the execution of high performance, costeffective OER is highly preferred [1, 4, 5] . To overcome this limitation several attempts have been carried out using metal oxide, metal or modified platinum [6, 7] , gold [8] , nickel [9, 10] , cobalt [10] [11] [12] [13] , Iridium [14, 15] , ruthenium [7, [16] [17] [18] , and rhodium [19] surfaces. However, unluckily, electrode material decomposition and the parallel oxidation pathways associated with OER have restricted the choice of appropriate anodic materials for efficient water electrolyzers.
Nano-sized materials show distinctive chemical and physical properties in comparison with their bulk ones. Not only in the geometry, which is inferred from the unique morphology and the large surface area to volume ratio, but also in the electronic properties which may be changed with the size shrinkage [20, 21] . This has fascinatingly initiated great potential applications in catalysis [20, 22, 23] , chemical and biochemical sensing [20, [23] [24] [25] [26] [27] [28] [29] , and biological imaging [20, [26] [27] [28] [29] [30] . In this regard, electrodes modified with nanostructures have been suggested, and that was promising in increasing the activity and stability toward OER [31] .
In this investigation, OER will be tracked at manganese oxide (MnOx)-modified glassy carbon (GC) electrode (MnOx/GC), optimization of the loading is carried out, the influence of modifying the GC electrode with multiwalled carbon nanotubes (MWCNTs) prior to MnOx deposition (MnOx/MWCNTs-GC) on its stability toward OER will be monitored, and the catalyst's morphology will be imaged using field emission scanning electron microscopy (FE-SEM).
EXPERIMENTAL
A mechanically-cleaned and polished, with fine alumina powder, GC electrode (d = 5.0 mm) purchased from ALS, Japan was served as the working electrode. A saturated calomel electrode (SCE) and a spiral Pt wire were used as the reference and counter electrodes, respectively.
The chemicals used in this investigation were of high purity and used without further purification. Solutions were prepared using doubly distilled water.
The electrodeposition of MnOx on the GC electrode is carried out by cycling the potential between 0 and 0.4 V for several cycles at 50 mV s
To modify the GC surface with MWCNTs, a 10 mg MWCNTs was initially dispersed in 1 ml aliquots of 5% Nafion/ethanol and sonicated for 1 h. On the GC electrode, 10 µL of the suspension is applied evenly and the ethanol was allowed to evaporate at room temperature for 1 h. The modified electrode was then washed with doubly distilled water.
The electrochemical measurements were performed at room temperature (25±1 o C) in a conventional two-compartment three-electrode glass cell using a Bio-Logic SAS potentiostat (model SP-150) operated with EC-Lab software. The electrocatalytic activity of the modified electrodes toward OER was examined in a solution of 0.1 M NaOH.
A field emission scanning electron microscope (FE-SEM, QUANTA FEG 250) coupled with an energy dispersive X-ray spectrometer (EDS) unit was employed to evaluate the electrode's morphology and composition. Figure 1 shows cyclic voltammograms CVs obtained at (a-g) MnOx/GC with several MnOx loading cycles and (h) MnOx (55 cycles) MWCNTs-GC modified electrodes measured in 0.1 M NaOH at a potential scan rate of 100 mVs -1 . The measurements are performed in an alkaline solution to track the redox behavior of the electrodeposited MnOx at the GC electrodes [32] . A redox couple is observed in all cases which continuously increasing with increasing the number of loading cycles which assigned to the redox transformation between lower and higher oxidation states of Mn (i.e., MnOOH/MnO 2 ) [33] .
RESULTS AND DISCUSSION

Electrochemical and Material characterization
E / V vs. SCE Morphologically, Fig. 2A and B shows, respectively, FE-SEM micrographs of the MnOx (55 cycle)/GC and MnOx (55 cycle)/MWCNTs-GC modified electrodes. It depicts clearly the deposition of MnOx onto GC and MWCNTs-GC electrodes as nanowires with an average diameter of 80 nm.
The EDS analysis in Fig. 3 confirmed the deposition of all ingredients of the modified catalyst and assisted in calculation of their relative ratios. 
Electrocatalytic activity toward OER
The OER is an anodic process, which occurs at most of the metal electrode surfaces at potentials adequately anodic to permit the formation of various kinds of oxides. Figure 4 For anodic reactions, as in case of OER, the lower the onset potential (the potential at which the reaction starts, E onset ) the electrode has, the better the electrocatalytic enhancement the electrode exhibits. This is because the negative shift in the onset potential will be echoed in a power saving which is eventually targeted for industrial applications. In fact, the E onset for OER at the bare GC electrode was ca. 1.5 V (Fig. 4i) . Interestingly, as MnOx was continuously loaded at the GC and MWCNTs-GC surfaces, the E onset decreased also in a continuous way until reaching 55 cycles of deposition which was the optimum deposition condition (Fig.4 a-h) . The E onset , negative shift in the E onset compared to that of the bare GC electrode (|E onset − E onset (bare GC) |) at 0.3 mA, and the corresponding energy saving values could be calculated and summarized in table 1 [34] . The unique electrocatalytic activity observed at MnOx-modified GC electrodes for OER can be clarified considering the general mechanism for the OER that has been frequently considered in alkaline media [35] [36] [37] :
2 MO → 2M + O 2 (4) Here M is the metal active surface site. The rate determining step is often assigned to the adsorption and the initial charge transfer, i.e., Reaction 1 [34, 38] . Herein, the high catalytic activity is thought to arise from the redox mediation by MnOx [38] . This can, definitely, facilitate the charge transfer at the rate determining step (Reaction 1), and will definitely catalyze OER. Stability of the MnOx (55 cycles)/GC and MnOx (55 cycles)/MWCNTs-GC modified electrodes has been identified using chronoamperometry (recording current as a function of time at 0.8 V, i-t) and chronopotentiometry (recording potential as a function of time at 0.2 mA, E-t). Figure 5 shows the i-t curves for the MnOx (55 cycles)/GC (Fig. 5a ) and MnOx (55 cycles)/MWCNTs-GC modified electrodes (Fig. 5b) . Although it acquired a high activity toward OER, the stability of the MnOx (55 cycles)/GC electrode was not good enough as indicated from the fast current decay during continuous electrolysis. Fortunately, using MWCNTs, in case of the MnOx (55 cycles)/MWCNTs-GC electrode, the stability is enhanced to a great extent where the current decay was no longer being fast.
Alternatively, Fig. 6 shows the E-t curves for the MnOx (55 cycles)/GC (Fig. 6a) and MnOx (55 cycles)/MWCNTs-GC modified electrodes (Fig. 6b) . Again, the MnOx (55 cycles)/MWCNTs-GC acquired a lower potential vs. time toward OER which strongly agrees with the data in Fig. 5 . It is expected that the nature of MWCNTs is beyond this improvement in the catalyst stability.
CONCLUSION
An easy modification for the GC electrode with MWCNTs and MnOx is intended for OER. Loading of the MnOx has been optimized and the deposition of 55 cycles was enough to acquire the highest activity in terms of lowest E onset and highest power saving. The MnOx (55 cycles)/MWCNTs-GC modified electrode acquired a value of 0.68 V for the E onset compared to 1.5 V obtained at the bare GC electrode. This saved the energy usage by a value of 22 kWh/Kg of O 2 . Additionally, it showed a high stability in terms of high current and low potential during continuous electrolysis. The catalytic enhancement was thought to arise from the redox mediation by MnOx which facilitated the charge transfer at the rate determining step in addition to the high stable nature of MWCNTs.
